Histone chaperones prevent promiscuous histone interactions before chromatin assembly. They guarantee faithful deposition of canonical histones and functionally specialized histone variants into chromatin in a spatial-and temporally-restricted manner. 
INTRODUCTION
In eukaryotes, epigenetic information is stored, stabilized and organized in form of chromatin (1) . This large polymer consists of 145-147 base pairs of DNA wrapped around an octamer of proteins, consisting of two of each histones H2A, H2B, H3 and H4 (2) . Besides these canonical histones, so-called histone variants have evolved that differ in amino acid sequence, post-translational modification (PTM) pattern and sometimes even structure (3). In contrast to replication-dependent canonical histones, most histone variants are transcribed in a replication-independent manner, at all stages of the cell cycle. To ensure epigenetic inheritance, histones have to be faithfully distributed at sites of naked DNA when needed, for example during or after replication, transcription or DNA damage repair (4) . In mammals, histone variants of the H3, H2A and H2B families have been identified, all involved in distinct bio-logical processes. The human histone H3 family consists of H3.1 and H3.2, both expressed during S-phase but enriched with distinct PTMs (5, 6) , the evolutionary conserved histone variant H3.3, testis-specific H3.1t and H3.5 variants and the centromere-determinative CENP-A (CenH3). Recently, we have discovered a primate-specific H3 variant, which we termed H3.Y (H3.Y.1) (7, 8) . H3.Y is predominantly expressed in different human brain regions, some tumor tissues and is upregulated by stress stimuli. Interestingly, H3.Y is mainly found in euchromatic regions and seems to be involved in the expression of genes involved in cell cycle control (7) .
Faithful chromatin deposition of histone variants in a spatial-and temporally-restricted manner is accomplished by specialized chaperones and chromatin remodeling complexes (9, 10) . While newly synthesized H3.1 and H3.2 are reassembled on DNA after replication and non-homologous end joining by the three-subunit protein complex CAF-1 (Chromatin-Assembly Factor 1) (11), deposition of H3.3 is more complex. The HUCA (HIRA/UBN1/CABIN1/ASF1a) complex places H3.3 in transcriptionally active genic regions (11, 12) and at sites of DNA repair (13) . In contrast, the DAXX/ATRX (deathdomain associated protein/␣ Thalassemia/Mental Retardation X-linked) complex is responsible for H3.3 deposition at repetitive heterochromatic regions (14) (15) (16) including telomeres (17) in mouse ESCs (embryonic stem cells). Interestingly, DAXX/ATRX are often mutated, in addition to H3.3, in pediatric glioblastomas (reviewed in (18) ). However, while much is known on the assembly of H3.3 into chromatin, the chaperones and mechanism(s) responsible for H3.Y deposition are unknown.
Here, we report the identification and biochemical characterization of H3.Y-specific chaperone complexes. We show that, as expected from the shared and conserved chaperone recognition site motif in H3.3 and H3.Y, HIRA and other members of the HUCA complex interact with chromatin-free nuclear H3.Y. Accordingly, we find nucleosomal H3.Y to be associated with euchromatic factors and depleted of repressive PTMs. Surprisingly, the DAXX/ATRX complex is not able to bind H3.Y, explaining its exclusive euchromatic localization, its strong correlation with H3K4me3 sites and its inability to localize to PML-NBs (promyelocytic leukemia-nuclear bodies). H3.Y mutational analyses and in vivo chaperone binding assays reveal the dependence of DAXX interaction and PML-NB recruitment to a combination of some few H3 core and C-terminal amino acids. Restoration of H3.Y DAXX-binding ability leads to deposition at heterochromatic H3.3-specific and H3K9me3-enriched simple repeat sequences. Our data provide compelling evidence that HIRA-dependent H3.Y deposition accounts for its function in gene activation. They further provide new insights into an unexpected DAXX-H3.3 combinatorial binding mode and human DAXX/ATRX-recruitment DNA sequence requirements.
MATERIALS AND METHODS

Cell culture, transfection and flow cytometry
Hela Kyoto (HK) cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Sigma) supplemented with 10% fetal calf serum (FCS; Sigma) and 1% penicillin/streptomycin at 37
• C and 5% CO 2 . Transfection was performed as described in (19) using X-tremeGene (Roche Applied Science) according to the manufacturer's instruction. Expression levels of HK cells stably transfected with eGFP and eGFP-tagged histone H3 variants and mutants were quantified using a FACSCanto machine (Becton Dickinson). Human primary mesenchymal stem cells were purified from lipoaspirates and cultured and transfected by electroporation using Nucleofector™ Technology (Lonza) as described in (20) .
Plasmids
For expression in human cells, H3 variant cDNA was cloned into a pIRESneo-EGFP plasmid that was generated from pIRESneo (digested with EcoRV and and BamHI) with the EGFP insert from pEGFP-C1 (digested with NheI followed by Klenow reaction and subsequently digested with BamHI). Single point mutations in eGFP-H3.Y were introduced using site-directed mutagenesis with the following primers: H3.YQ59E: 5 -CCAGAAGTCCACGGAG  CTGTCC-3 ,  H3.YDFKT: 5 -CGAGATCGCCCAGGATTTCAAA  ACCGACCTGCGCTTCC-3 ,  H3.YQ102G: 5 -GAGGCCTACCTGGTGGGTCTCT  TTGAAGACACC-3 ,  H3.Y K42R K53R core C3:  5 -GATCAAGAAGCCTCACCGCTACAGGCCTGG  CACCCTGGCGCTGCGGG-3 ,  H3.Y L46V K53R core C3:  5 -TACAAGCCTGGCACCGTGGCGCTGCGGGAA  ATC-3 ,  H3.Y K53R L62I core C3:  5 -GAAGTCCACGGAGCTGCTCATTCGCAAGCT  GCCCTTCCAG-3 , H3.Y K42R L46V K53R core C3: 5 -GATCAAGAAGCCTCACCGCTACAGGCCTGG CACCGTGGCGCTGCGGG-3 .
Briefly, polymerase chain reaction (PCR) reaction was performed under standard conditions with 20 cycles, the template plasmid DpnI digested and the newly amplified plasmid containing the desired mutations was transformed into Stellar bacteria (Clontech). Tail swap mutant sequences and H3.Y core C-terminal mutants were generated by GE-NEWIZ and cloned into pEGFP-IRES-neo using a commercial gateway cloning system (Thermo Fisher) according to manufacturer's instructions. Correct sequences of all DNA products established by cloning or by PCR-induced mutagenesis were verified by sequencing (MWG).
Antibodies
The following commercially available antibodies were used: ␣-DAXX (clone M-112, order number SC-7152; Santa Nucleic Acids Research, 2017, Vol. 45, No. 10 5693 Cruz; and clone 25C12, order number 45335; Cell Signalling), ␣-GFP (order number 11814460001; Roche, for immunoblotting; and order number ab290, abcam, for chromatin immunoprecipitation (ChIP)), ␣-H3K9me3 (order number C15410003; Diagenode), ␣-PML (ordering number ab53773; Abcam), ␣-H3S10ph (order number ab39253; Active Motif). The following secondary antibodies were used: ␣-rabbit-HRP and ␣-mouse-HRP (order number rabbit: NA934; mouse: NA931, VWR), ␣-mouse-Alexa Fluor 555 (order number: A21424; Invitrogen).
Stable isotope labeling with amino acids in cell culture (SILAC) and mass spectrometric identification of histone chaperone complexes HK cells stably expressing enhanced green fluorescence protein (eGFP)-tagged H3 variants were SILAC labeled and nuclear extracts prepared as described in (19, 21, 22) . Briefly, extracts were diluted in incubation buffer (150 mM NaCl, 50 mM Tris-HCl pH 8.0, 0,25% NP40) supplemented with complete protease inhibitors w/o ethylenediaminetetraacetic acid (EDTA) (Roche) and 0.5 mM Dithiothreitol (DTT) to a concentration of 1.5 g/l. A total of 400 l solution were incubated with GFP-trap magnetic beads (Chromotek) for 3 h at 4
• C. After washing for three times with 1 ml incubation buffer, precipitates were combined and eluted by boiling in 2× loading buffer. Samples were loaded on 1D NuPAGE gels (Invitrogen), lanes cut into eight stripes, in-gel digested with trypsin and desalted by stage tipping. High-resolution LC MS/MS analysis was done on an LTQ Orbitrap mass spectrometer as described before (19, 22) . Peptides were separated using an easy nano-LC system (Proxeon Biosystems) and the MS operated as described in detail in (19) (see Supplementary Tables S1-3 for all identified interactors).
Preparation of chromatin-free extracts, immunoprecipitation and immunoblot analysis of H3.3 mutant HK cell lines
HK cells stably expressing eGFP-tagged H3 variants and eGFP-H3.Y mutant cell lines were used for preparation of chromatin-free extracts. Nuclear extracts were prepared as described in (19, 21, 22) , ultracentrifuged at 186000 rcf and total protein concentration of the supernatant was determined by Bradford assay (Biorad), according to the manufacturer's instructions. 400-1500 g of total protein to fit the respective eGFP expression levels as determined by flow cytometry analyses were diluted to a final concentration of 210 mM NaCl and used for immunoprecipitation with GFP-trap magnetic beads (Chromotek). After rotating for 2 h at 4
• C, samples were washed five times with 500 l wash buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1× complete protease inhibitors w/o EDTA (Roche), 0.5 mM DTT, 0.01% NP40). Samples were then boiled in 2× loading buffer, proteins separated with SERVAGelTG PRIME 4-12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels (Serva), followed by immunoblotting.
Label-free mass spectrometric identification of H3 nucleosome binding proteins
Mononucleosomes for label-free mass spectrometry (MS) or immunoblot analyses were isolated as described previously (23) and the supernatant 1 (S1) fraction was used for immunoprecipitation (IP) experiments. Mononucleosome immunoprecipitations, LC-MS/MS analysis and MS raw data analysis were basically carried out as previously described (24) . After IP, proteins bound to the GFP-trap beads (Chromotek) were eluted by overnight digestion with trypsin (Promega). The resulting peptides were purified and concentrated on C18 StageTips (25) .
For LC-MS/MS analysis, peptides were eluted from the C18 StageTips according to the standard protocol (25) and analyzed by reversed-phase liquid chromatography on an EASY-nLC 1000 system (Thermo Fisher Scientific, Odense, Denmark) coupled to a Q Exactive mass spectrometer (Thermo Fisher Scientific). HPLC columns of 20 cm length and an inner diameter of 75 m were in-house packed with ReproSil-Pur 120 C18-AQ 1.9 m particles (Dr Maisch GmbH, Germany). Peptide mixtures were separated using linear gradients of 140 min (total run time + washout) and a two buffer system: buffer A++ (0.1% formic acid) and buffer B++ (80% acetonitrile in 0.1% formic acid). The flow rate was set to 250 nl/min and the column was heated to 50
• C using a column oven (Sonation GmbH, Germany). Peptides eluting from the column were directly sprayed into the mass spectrometer with a spray voltage of 2.4 kV and a capillary temperature of 250
• C. The mass spectrometer was operated in a data-dependent mode acquiring survey scans at a resolution of 70 000 with an automatic gain control (AGC) target of 3E06 ions and a maximum ion injection time of 20 ms. Subsequently the top 10 most abundant peaks were selected for fragmentation with an isolation window of 2 m/z and fragmented by higher energy collisional dissociation with a normalized collision energy of 25. Fragmentation spectra were acquired at a resolution of 17 500 with a target value of 1E05 ions and 120 ms maximum ion injection time. The dynamic exclusion feature was enabled within a time window of 20 s to minimize re-sequencing of peptides.
MS raw data were processed using the MaxQuant software (26) version 1.3.9.20. Fragmentation spectra were searched against a human sequence database obtained from Uniprot in May 2013 and a file containing frequently observed contaminants such as human keratins. Cysteine carbamidomethylation was set as a fixed modification; Nterminal acetylation and methionine oxidation were set as variable modifications. Trypsin was chosen as specific enzyme, with two maximum missed cleavages allowed. Peptide and protein identifications were filtered at a 1% false discovery rate (FDR). Label-free quantification was enabled, with a minimum ratio count of one. The match between runs option was enabled with a matching time window of 0.5 min and an alignment time window of 20 min, while the requantify option was disabled. All other parameters were left at standard settings.
MaxQuant output tables were analyzed in Perseus (27) version 1.5.3.0 essentially as described in (28) . After deleting proteins only identified with modified peptides, hits to the reverse database, contaminants and proteins with one or less razor and unique peptides, label-free intensities were log2 transformed. Next, proteins were required to have three valid values in at least one triplicate, then remaining missing values in the data matrix were imputed with values representing a normal distribution around the detection limit of the mass spectrometer. Now a two-sample t-test was performed to identify proteins enriched (t-test difference > 0) in the 12 histone pulldowns compared to the three eGFP controls. Only those proteins were kept for further analysis. Then, two-sample t-tests were performed comparing H3.2 versus H3.1, H3.3 versus H3.1, H3.Y versus H3.1 and H3.Y versus H3.3. Significant outliers were determined using a permutation-based FDR. The S0 and FDR parameters were adjusted for each t-test (see Supplementary Tables  S5-9 ), the number of permutations was always 250. The respective P-values (technical replicates) and t-test differences were plotted against each other in volcano plots using R version 2.15.3. In addition to the volcano plots, interacting proteins were also visualized in heatmaps. To do so, the ratio (fold change) of the logarithmized and averaged triplicate LFQ intensities of eGFP-tagged H3 histone mononculeosomes were plotted as heatmaps using Perseus.
Fluorescence microscopy of cells and chromosomes
Preparation of HK cells and chromosome spreads for fluorescence microscopy was done as previously reported (29) . Briefly, wide-field fluorescence imaging was perfomed with a PersonalDV microscope system (Applied Precision) equipped with a 60x/1.42 PlanApo oil objective (Olympus), CoolSNAP ES2 interline CCD camera (Photometrcis), Xenon illumination and appropriate filter sets.
Chromosome spreads were analyzed by confocal imaging using the TCS Leica SP5 II microscope system with a 63x/1.3 PL APO glycerol immersion objective and lasers with excitation lines of 405 nm (4,6-diamidino-2-phenylindole (DAPI)) and 488 nm (GFP).
Mesenchymal stem cells grown on coverslips were fixed for 15 min with 3% paraformaldehyde in PBS, 24 h after transfection. After three PBS washes and a 30 min block with PBS/Tween 20 (0.01%)/Triton Tx-100 (0.1%)/bovine serum albumin (BSA, 2%), coverslips were incubated with the primary antibody for 45 min, washed three time in PBS/Tween 20 (0.01%)/BSA (2%) and incubated with the secondary antibody for 45 min. Cells were then washed three times in PBS and DNA was labeled with 0.25 mg/ml DAPI in PBS for 5 min. Coverslips were mounted in Mowiol 4-88 (Polysciences). Images were acquired on an Olympus IX71 upright microscope fitted with the DeltaVision system (Applied Precision-GE Healthcare), and processed with ImageJ 1.42q.
ChIP-seq
Chromatin Immunoprecipitation. HK cells stably expressing eGFP or eGFP-tagged H3.3, H3.Y, N3-Y, NY-3, 3-CY, Y-C3 or H3.Y L46V K53R L62I core C3 were fixed with 1% formaldehyde in DMEM at a density of 2 × 10 6 cells/ml. After quenching with 125 mM glycine cells were washed 3× with PBS containing 10% FCS and flash frozen. Fixed cells were resuspended in 5 ml lysis buffer 1 (50 mM Hepes-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, protease inhibitors w/o EDTA (Roche)) and incubated at 4
• C for 10 min. After centrifugation for 5 min at 1350 × g, the pellet was resuspended in lysis buffer 2 (10 mM Tris-HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1 × protease inhibitors), incubated for 10 min at room temperature and spun down. For chromatin shearing the pellet was resuspended in buffer B (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 0.5% SDS) and subjected to Covaris S220 (PIP 120 W, DF 20%, 200 CB, 35 min) to generate chromatin fragments of 150 bp in average size. The sheared DNA was centrifuged for 10 min at 18 400 × g at 4
• C. Subsequently 9 ml ice cold buffer A (10 mM Tris-HCl, pH 7.5. 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% SDS, 0.1% Na-deoxycholate, 140 mM NaCl, 1 × protease inhibitors) was added to the soluble fraction. A total of 1 ml aliquots were used for immunoprecipitations with ␣-GFP antibody bound to Dynabeads. For beads-antibody coupling, 30 l Dynabeads M-280 Sheep Anti-Rabbit IgG (Novex) were washed 2× with 500 l 0.1% PBS-Tween. Next, 5 g ␣-GFP antibody (Abcam) was bound to the beads by incubating for at least 2 h at 4
• C while rotating. Beads were washed 2× with 0.1% PBS-T. Immunoprecipitations were carried out with 1 ml sheared chromatin at 4
• C, rotating at 7 rpm o/n. The following day, the beads were collected, washed 4× with ice cold buffer A and 1× with ice cold buffer C (10 mM Tris-Hcl, pH 8.0, 10 mM EDTA). Afterward, beads were resuspended in 100 l elution buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS) and incubated at 65
• C o/n with 750 rpm shaking. After magnetic separation, the supernatant was transferred into a fresh tube, 100 l Tris-EDTA (TE) and 4 l RNaseA (10 mg/ml) were added and incubated at 37
• C for 1 h. Next, 4 l Proteinase K (10 mg/ml) was added and the reaction was incubated at 56
• C for 2 h. DNA was purified using the QIAGEN MinElute PCR Purification Kit (QIAGEN) following the manufacturer's instructions and eluted in 30 l elution buffer. To determine DNA concentrations the Qubit dsDNA hs Kit (Invitrogen) was used. Illumina Sequencing libraries were created with the MicroPlex Library Preparation Kit (Diagenode) following the manufacturer's protocol. DNA was eluted in 20 l 0.1× TE, pH 8.0.
Illumina sequencing. Next-generation sequencing was performed by Dr. Stefan Krebs at the Laboratory of Functional Genome Analysis (LAFUGA) in Munich (Gene Center). Libraries were sequenced on an Illumina HiSeq 2000 using V3 clustering and sequencing reagents (50 bp read length) according to manufacturer's instructions.
ChIP-seq analysis. Quality control of FASTQ files was done using fastqc (http://www.bioinformatics.babraham.ac. uk/projects/fastqc/). No additional trimming or filtering was applied. Additional publicly available chromatin immunoprecipitation sequencing (ChIP-seq) data were downloaded from NCBI's Gene Expression Omnibus (GEO). Raw reads were downloaded as SRA archives and were extracted into FASTQ files using the fastq-dump program of the NCBI SRA Toolkit (https://trace.ncbi.nlm.nih.gov/ Traces/sra/). (33) . Neighboring peaks were stitched together when lying within 2 kb. When available, the overlap between two replicates was then selected as the actual set of binding sites for downstream analysis. Hg19 RefSeq annotations were downloaded from Illumina's iGenome repository. In order to identify H3.3 sites bound differentially for H3.Y, extended reads (200 bp) were counted across these intervals. DESeq2 was used for normalization of read counts as well as for inference of regions with relevant binding differences between H3.3 and H3.Y (34). DESeq2-normalized read counts were further normalized for peak width and then used in order to visualize differential binding efficiencies between individual H3.Y-mutants. Statistical testing of observed differences was done using Wilcoxon-signed-rank test. De novo discovery of enriched motifs within sites with reduced H3.Y binding was done with MEME-ChIP (35) . Coverage vectors were produced using deepTools bamCoverage function. Similarly, deepTools was used for representation of ChIPseq coverage across peak intervals as heat maps (36) . Bigwig files were used for visualization via the R/BioC-package Gviz (37) .
RESULTS
H3.Y binds to HIRA but not DAXX/ATRX chaperone complexes
H3.Y differs from H3.1, H3.2, and H3.3 by 30, 29 or 26 amino acids, respectively, and strikingly contains the H3.3-specific chaperone-recognition sequence, encompassing amino acids 87-90 ( Figure 1A ). Based on H3.Y's similarity to H3.3, we suspected that identical chaperone complexes might bind to both variants. To test this hypothesis, we employed a quantitative MS-based approach, similar to the one we previously used to successfully identify chaperone complexes of the primate-specific alternative splice variant H2A.Z.2.2 (19) . To do so, soluble nuclear proteins were isolated from SILAC (stable isotope labeling by amino acids in cell culture) labeled HK cells stably expressing eGFP-H3.2, eGFP-H3.3 or eGFP-H3.Y. Then, eGFPtagged histone H3 variants were precipitated and bound proteins identified by MS (Figure 1B-D and Supplementary Tables S1-3 ). Whereas the majority of proteins were background binders and clustered around zero, specific H3 variant-associated proteins were seen on the lower right side of the plot. As expected, we identified all three members of the CAF-1 complex (CAF-1A, CAF-1B, CAF-1C), and the evolutionary conserved ASF1A chaperone (38) as interactors of eGFP-H3.2 ( Figure 1B) , verifying the applicability and specificity of our approach. Interestingly, we also found an interaction of members of the MCM2-MCM7 (mini chromosome maintenance 2-7) complex involved in DNA replication initiation and elongation (39) . In agreement with a previous study (40) , we also identified MCM2, MCM4, MCM6 and MCM7, but not MCM3 or MCM5 to bind to H3.2 and H3.3. As expected, we were also able to precipitate the HUCA members HIRA, CABIN1 and ASF1A, as well as DAXX and ATRX with eGFP-H3.3 ( Figure 1C) .
Interestingly, although we found HIRA, CABIN1, ASF1, MCM2/4/6/7, FACT80 and FACT140 to be associated with H3.Y, neither DAXX nor ATRX were identified with H3.Y ( Figure 1D ). This was surprising, as HUCA and DAXX have been reported to interact with the identical H3.3 core sequence (41) . We therefore next verified the inability of H3.Y to recruit DAXX by an independent approach using immunoblotting (Figure 2A) . Indeed, while eGFP-H3.3 was able to pull-down DAXX, eGFP-H3.Y was not. Further, we have recently shown that newly synthesized H3.3-H4 dimers are recruited to PML-NBs in a DAXX-dependent manner (20) . Using fluorescence imaging of transiently transfected H3.3-GFP (20) or eGFP-H3.Y ( Figure 2B ), we observed that strikingly, while most H3.3 was found in PML nuclear bodies 24 h after transfection (i.e. early after synthesis of the epitope-tagged histone), most of H3.Y (>90%) was excluded from these structures ( Figure 2C ). This supports our finding that H3.Y is unable to bind DAXX. We conclude that chromatinfree nuclear H3.Y interacts with the H3.3-specific HIRAcontaining HUCA complex, but not the DAXX/ATRX complex.
H3.Y-nucleosomes are depleted from heterochromatic H3K9me3 simple repeat regions and are bound by factors involved in transcription
Next, we determined whether binding of HIRA but not DAXX to soluble nuclear H3.Y influences its sites of chromatin deposition. We therefore performed ChIP-seq experiments using cross-linked and sonicated chromatin fragments generated from HK cells stably expressing eGFP (control), eGFP-H3.3 or eGFP-H3.Y. First, we verified the feasibility of our approach by comparing eGFP-H3.3 and eGFP-H3.Y-enriched genomic regions that were identified using MACS 2 peak-caller (32) with H3K4me3 (ENCODE data) as a marker of open and active euchromatin. Indeed, both variants and H3K4me3 peaks were enriched at genic, particularly the transcriptional start site and reduced at intergenic regions ( Figure 3A) . The majority of peaks were shared by both H3 variants and are indicative of open euchromatin ( Figure 3B ), suggesting that these sites most likely represent HIRA-mediated deposition regions (14, 42, 43) . In agreement with this, these regions also lacked the heterochromatin mark H3K9me3 ( Figure 3C ). In order to identify DAXX/ATRX-dependent deposition regions we searched for H3.3-containing peaks that lacked H3.Y signal ( Figure 3D ). Interestingly, we detected 359 of H3.Y-reduced sites at log2-fold change <2 and adjusted Pvalue < 0.05 (see Supplementary Table S4 ) and observed that these were highly enriched in H3K9me3 ( Figure 3D -F), a hallmark of DAXX/ATRX-specific heterochromatic deposition sites. Studies performed in mouse ESCs have identified such sites to be enriched in repetitive heterochromatin (14-16) including telomeres (17) and retroviral elements (44) . To determine whether these potential human DAXX-dependent H3.3-deposition sites are also enriched for repeat sequences we performed a de novo motif search ( Figure 3G ). Strikingly, different simple repeats featuring guanosines and to a lesser extent thymidines are particularly enriched in H3.Y-reduced H3.3-sites. Additionally, we identified simple repeats with similar base composition as the top overrepresented repeat types overlapping with H3.Y-reduced H3.3 sites (Supplementary Figure S1) . This data implies that also in humans the preferred genomic DAXX/ATRX-target sites are repetitive sequences and that H3.Y is depleted from these sites.
As a consequence, such genomic location differences between H3 variants likely result in characteristic mononucleosome interaction partners and in a distinct histone PTM pattern. To address this, chromatin isolated from HK cell lines stably expressing eGFP or eGFP-tagged H3 variants was digested with micrococcal nuclease (MNase) to generate mononucleosomes of >90% purity ( Supplementary Figure S2A) ; nucleosomes and their associated complexes were then pulled-down using GFP nanotrap beads. Precipitated proteins from technical triplicates were trypsin digested on beads and peptides subjected to MS for identification and label-free quantification (Supplementary Tables S5-9) .
After GFP-IP background filtering ( Supplementary Figure S2B-D) , we compared the different H3 variant nucleosome interactors with each other and depicted quantitative differences in volcano plots ( Figure 4A-D) . Since both H3.1 and H3.2 are deposited by CAF-1 in a replicationdependent manner, we accordingly noted no major differences in their specific nucleosome interactomes (Figure 4A) . In contrast, comparison of the H3.1 versus H3.3 nucleosome-interactome revealed striking differences (Figure 4B) . Not surprisingly, CAF-1A and CAF-1B were enriched on H3.1 nucleosomes. Importantly, this not only underlines the feasibility of our approach but also demonstrates association of these chaperones with both chromatin-free and chromatin-assembled H3.1/H3.2. Interestingly, DAXX, but not HIRA, was identified with H3.3 nucleosomes, suggesting a tight chromatin binding ability of DAXX but only transient mononucleosome interactions of HIRA ( Figure 4B) ; this observation is consistent with a previous report (45) . Besides DAXX, we observed a strong enrichment of H3.3. While it is probable that this corresponds to the exogenous eGFP-tagged H3.3 used for pull-downs, it is also possible that mostly homotypic H3.3 nucleosomes exist (supported by (11)), accounting for the observed enrichment of H3.3 peptides in MS.
Comparison of the H3.1 versus H3.Y nucleosome interactome revealed an enrichment of enzyme complexes responsible in setting repressive PTMs on H3.1, whereas H3.Y nucleosomes were enriched in proteins involved in transcription and replication ( Figure 4C ). H3.1-containing nucleosomes were strongly bound by the H3K9 methyltransferases SUV39H1 and SUV39H2 (suppressor of variegation 3-9 homolog 1 or 2) (46), and the H3K9me3-interacting HP1 (heterochromatin protein-1) isoforms CBX1, CBX3 and CBX5 (reviewed in (47) ). In addition, several members of PRC1 (polycomb repressive complex 1) that recognizes H3K27 methylation (reviewed in (48)) were also identified on H3.1 nucleosomes. On the other hand, H3.Y nucleosomes contained H3.3 and showed a strong binding of the chaperone and transcriptional elongation complex FACT (facilitates chromatin transcription) members FACT80 and FACT140 (49) . These data suggest that H3.1-and H3.Y-containing nucleosomes differ in their H3 variant composition and in their association with repressive and activating protein complexes ( Figure 4D) .
Interestingly, although both H3.3 and H3.Y were bound to HIRA in a non-chromatin context, their differential DAXX binding ability led to apparent differences in the chromatin environment detected at the nucleosomal level ( Figure 4E ). In a direct comparison, H3.3 nucleosomes showed an accumulation of 'writers' and 'readers' of the repressive H3K9me3 modification, while H3.Y nucleosomes still showed an enrichment of the FACT complex. Next, we tested whether differential association of SUV39H enzymes with distinct H3 variant-containing nucleosomes directly affects H3K9me3 levels in vivo. In agreement with our ChIP-seq data ( Figure 3D-F 5700 Nucleic Acids Research, 2017, Vol. 45, No. 10 from H3K9me3-containing heterochromatic simple repeat regions, likely due to its inability to interact with DAXX.
DAXX recognition of H3 variants depends on a combination of H3.3 core and C-terminal amino acids
Our findings indicate thus far that H3.Y associates with HIRA but not DAXX, while H3.Y's chaperone recognition site is identical to that of H3.3. Thus, we determined which residues are necessary and sufficient for the DAXX-H3.3 interaction. To this end, we used H3.Y as a 'natural' H3.3 mutant to reconstitute DAXX interaction in a 'gainof-function' mutational screen. This has the benefit of identifying all amino acids sufficient for chaperone recognition. Therefore, we exchanged unique H3.Y residues with H3.3 amino acids and tested which mutants would be able to bind DAXX. Hence, we generated HK stable cell lines expressing eGFP-H3.Y mutants, verified their expression levels by flow cytometry, tested for their correct nuclear localization and stable chromatin incorporation by immunofluorescence (IF) microscopy and performed pull-down and PML-NB recruitment assays.
First, we mutated H3.Y's unique glutamine to H3.3's glutamic acid at position 59 (H3.YQ59E) ( Figure 5A, top) . We chose this particular residue, as published crystal structures of the DAXX-H3.3-H4 complex demonstrated that the side chains of Q59 together with S57 (present in both H3.3 and H3.Y) participate in a hydrogen bonding network with several DAXX residues (51, 52) . Additionally, one of these studies also showed that depletion of residues 1-60 of H3.3, but not of 1-43 abrogated DAXX binding (51), suggesting a strong impact of residues 44-60 on histone H3.3 association. Remarkably, exchanging glutamine to glutamic acid in H3.Y at position 59 did not establish efficient DAXX binding as judged from pull-down assays from chromatinfree nuclear extracts ( Figure 5A , bottom and Supplementary Figure S3 ). Next, we investigated whether amino acid differences adjacent to the chaperone recognition site (87-90) might influence DAXX interaction. A region spanning from residues 77 to 80 varies completely between H3.Y and H3.3 ( Figure 5A , top); thus we speculated that this stretch might have structural implications for the protein region containing the chaperone recognition site. We therefore exchanged all five different amino acids to match the H3.3 sequence in the background of the eGFP-H3.YQ59E mutant. This triple core region mutant (eGFP-H3.Y Q59E A77D I78F S79K P80T Q102G; in short, 'H3.Y core') retained the ability to assemble into chromatin (Supplementary Figure  S4) ; however, it did not gain DAXX binding ability ( Figure  5A, bottom) . Thus, we conclude that core amino acids directly surrounding the chaperone recognition site and participating in DAXX association (51, 52) are not sufficient for a strong DAXX-H3 interaction.
We then generated different 'tail-swap' mutants, as a strategy to assess whether N-or C-terminal amino acids are necessary for DAXX binding ( Figure 5B , top and Supplementary Figure S5 Interestingly, only NY-3, albeit none of the other histone chimeras, was able to restore DAXX binding (Figure 5B, bottom) . Functionally, this chimera was efficiently targeted to PML bodies ( Figure 5C ), verifying the gain of DAXX-interaction ability. Surprisingly, we also observed PML body recruitment of the 3-CY mutant that did not show any DAXX interactions in biochemical assays (Figure 5C ). This raises the possibility that this mutant only transiently, but functionally, binds DAXX or that an additional currently unidentified DAXX-independent pathway for PML body recruitment exists.
Concluding, these data suggest that H3.3's N-terminus till amino acid 35 is not required for DAXX binding and PML-NB recruitment. However, H3.3's core region alone is not sufficient for the establishment of a strong DAXX interaction but enables PML-NB localization.
Therefore, we first dissected the role of H3.3 C-terminal tail amino acids in PML-NB recruitment by generating mutants of this region in the H3.Y core background sequence ( Figure 6A , top and Supplementary Figure S6) . While, as expected, none of the mutants were able to efficiently pull-down DAXX ( Figure 6A, bottom) , additional exchange of H3.Y's lysine 53 to arginine in combination with R122K and M124I mutations (K53R R122K M124I) enabled PML-NB localization ( Figure 6B ). In agreement with this data, substitution of the complete C-terminus in the K53R core background (K53R C3) also fostered PML-NB recruitment. Surprisingly, replacement of the last three amino acids (K53R GERA; GERA) did not facilitate PML-NB enrichment, suggesting that some few specific amino acids determine cellular localization of H3 histones.
Next, we determined which core amino acids are responsible for a strong DAXX interaction ( Figure 6C , top, Supplementary Figure S7) , or phrased differently, prevent DAXX association. We introduced point mutations into the H3.Y K53R core C3 background sequence, as it enabled PML-NB localization and did only differ in three amino acids from the core region in H3.3. Therefore, H3.Y's unique K42, L46 and L62, either alone or in combinations, seem to be responsible for its inability to strongly bind DAXX. Interestingly, the exchange of leucine 46 to valine (L46V) and to a minor extent, of K42R but not of L62I, resulted in a detectable DAXX interaction ( Figure 6C , bottom). Similarly, both double exchange combinations containing the L46V mutation (K42R L46V and L46V L62I) showed increased DAXX interaction. In summary, these data imply that strong DAXX binding is prevented when H3.3's amino acid at position 46 is mutated to H3.Y's unique leucine residue.
DAXX interaction is required to induce H3 variant deposition at heterochromatic H3K9me3-enriched simple repeats
Next, we wondered whether gain of DAXX binding would also enable H3.Y mutants to be deposited into heterochromatic H3.Y-reduced sites. We therefore chose to determine regions of chromatin incorporation by ChIP-seq of all 'tailswap' chimeras and the gain-of-function L46V L62I mu- tant. As expected, all mutants, regardless of their DAXXbinding ability, were deposited into chromatin sites that showed both H3.3 and H3.Y enrichment ( Figure 7A ). To investigate whether the gain of DAXX binding changed their deposition pattern, we further analyzed regions characterized by the presence of H3.3 and absence of H3.Y (see Figure 4D ). Strikingly, those mutants that gained DAXXbinding ability (NY-3 and L46V L62I) were now present at many H3.Y-reduced regions, while mutants that neither bind DAXX nor localize to PML-NBs (Y-C3, N3-Y) remained depleted from these regions (Figure 7B and C; Supplementary Table S10 for statistical evaluation). Interestingly, the 3-CY mutant able to localize to PML-NB without showing a strong DAXX interaction (see Figure 5B and C) showed an intermediate phenotype. It was slightly enriched at some but not at all H3.Y-reduced sites (Figure 7B and C; Supplementary Table S10). These data sets suggest that DAXX binding is necessary and sufficient for histone H3 Table S10 ). deposition in human H3K9me3 heterochromatic sites and that PML-NB localization enables deposition to some but not all DAXX-dependent regions.
DISCUSSION
We have identified the human chaperone/remodeling and mononucleosome binding complexes of the primate-specific histone variant H3.Y. We show that H3.Y interacts with members of the HIRA complex, but not DAXX/ATRX, due to some H3.Y's unique core and C-terminal amino acids. Accordingly, H3.Y is incorporated into genic regions that are enriched with H3K4me3 and depleted from DAXX/ATRX-target sites characterized by H3K9me3 and simple repeat enrichment. In concordance, H3.Ycontaining nucleosomes are associated with factors involved in transcription. These data are entirely consistent with our previous findings of H3.Y being a histone variant involved in gene activation (7).
The HIRA (or HUCA) complex is responsible for enrichment of H3.3 in the body of expressed genes and at promoters of transcribed and non-transcribed genes (55) . Additionally, transiently accessible non-nucleosomal DNA generated as a result of transcription or remodeling is a target for H3.3 deposition by HIRA in a socalled 'gap-filling mechanism' (42, 43) . In agreement with an HIRA-dependent and DAXX-independent deposition mechanism, H3.Y accumulates at open H3K4me3-marked genic regions and is depleted from H3K9me3 heterochromatic sites. Interestingly, while genomic DAXX/ATRXtarget regions in mouse ESCs include telomeric repeats, endogenous retroviral elements, imprinted differentially methylated regions and selected intragenic methylated CpG islands (56), we found an enrichment of simple repeats in humans. While H3.3 deposition into repeat families is common in both organisms, it still needs to be determined whether the discrepancy in the nature of such elements is due to experimental or technical limitations, such as crosslinking and shearing differences, or indeed originates from a biological cause.
Further confirmation of H3.Y being correlated with open chromatin was seen in the enrichment of the FACT complex on H3.Y-containing mononucleosomes. FACT reorganizes nucleosomes through the disruption of core histonehistone and histone-DNA interactions and regulates transcription, replication and DNA repair processes (57) . It is therefore tempting to speculate that newly synthesized H3.Y is deposited into euchromatic regions by HIRA, and FACT may help H3.Y incorporation into active regions depleted of nucleosomes upon RNA Polymerase II transit. If true, heterotypic mononucleosomes containing both H3.3 and H3.Y should exist. Our findings and recent results (50) support this view. Indeed, we identify H3.3 in a complex with eGFP-H3.Y-containing nucleosomes. Moreover, in vitro biochemical reconstitution assays show that H3.Y/H3.3 heterotypic nucleosomes can be formed, and that these are more susceptible to MNase digestion than H3.3 homotypic nucleosomes (50) . In addition, we note a depletion of H3K9me3, SUV39H1/2, HP1 isoforms and PRC1 members from H3.Y nucleosomes, highly consistent with incorporation of H3.Y into transcriptionally active, H3K9me3-depleted regions.
Most significantly, we find that DAXX and HIRA, which were thought to share the identical interaction region in H3.3 (55), appear to have distinct requirements for histone variant recognition. H3.Y contains the chaperone recognition site of H3.3, yet is unable to bind DAXX/ATRX. Thus, H3.Y represents the perfect endogenous 'mutant' to biochemically dissect the distinct histone binding requirements of DAXX. H3.3 and H3.Y differ in 26 amino acids with only 9 being similar replacements. Still, both variants contain the identical chaperone recognition site in their ␣2 helix spanning amino acids 87-90, which allows a functional distinction between H3.3-and H3.1/H3.2-specific chaperone/remodeler interactions (51, 52) . Employing a gain-of-function screen to identify those amino acids in H3.3 required for DAXX binding or, in turn, mediating DAXX repulsion in the case of H3.Y, we were able to separate DAXX binding from PML-NB localization sequence requirements (summarized in Supplementary Figure S8) . Our tail-swap mutation approach shows that the N-terminal tail of H3.3 is neither needed for DAXX interaction, which is in agreement with in vitro data (51), nor for PML-NB localization. This result is supported by a recent hydrogen/deuterium exchange MS study that proposes a stepwise scanning and folding pathway to explain the fidelity of DAXX-H3.3 binding (54) . However, our stepby-step gain-of-function screen revealed the importance of H3.3's arginine 53, lysine 122 and isoleucine 124 for PML-NB localization, while being insufficient for strong DAXX binding. Then again, biochemically visible DAXX interaction was only observed when also a valine was present at position 46 instead of a leucine. These observations open up interesting possibilities regarding the proposed functional requirement of DAXX binding for PML-NB recruitment (20) . While it is possible that even a DAXX-independent PML-NB localization mechanism of H3 variants exist, our tail-swap ChIP-seq data argue against it. Considering the fact that 3-CY is slightly enriched at some H3.Y-reduced sites, we speculate that it is able to interact with DAXX, albeit with low affinity and only transiently. This would still allow PML-NB localization and DAXX/ATRX-mediated deposition to some genomic target sites that probably show the highest recruitment affinity. If true, it will be of interest to find out whether and which DNA sequence and/or chromatin features determine DAXX/ATRX recognition and binding strength.
Further, are structural aspects and/or PTMs of or in the vicinity of H3.3's valine 46, arginine 53, lysine 122 and isoleucine 124 responsible for DAXX interaction? So far, most of closed-by modified residues have been correlated to transcriptional activation (in the case of Y41 phosphorylation and acetylation of K122 (58,59)), or DNA damage repair (T45 phosphorylation (60) ). Yet, it is rather unlikely that these PTMs are functionally connected to DAXX binding and H3.3 deposition at heterochromatin sites. This is reinforced by recent studies in mESCs and mouse embryonic fibroblasts suggesting that DAXX/ATRX-dependent deposition is important for maintaining heterochromatin (61) by repressing transcription (62) .
In conclusion, our study has revealed surprising new insights into H3.Y deposition mechanisms, as well as DAXX-histone H3 interaction necessities and human DAXX/ATRX chromatin targeting requirements.
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